The gas phase reactions of the bridgehead 3-carboxylato-1-adamantyl radical anion were observed with a series of neutral reagents using a modified electrospray ionisation linear ion trap mass spectrometer. This distonic radical anion was observed to undergo processes suggestive of radical reactivity including radicalradical combination reactions, substitution reactions and addition to carbon-carbon double bonds. The rate constants for reactions of the 3-carboxylato-1-adamantyl radical anion with the following reagents were measured (in units 10 12 cm3 molecule 1 s 1): 18O2 (85±4), NO (38.4±0.4), I2 (50±50), Br2 (8±2), CH3SSCH3 (12±2), styrene (1.20±0.03), CHCl3 (H abstraction 0.41±0.06, Cl abstraction 0.65±0.1), CDCl3 (D abstraction 0.035±0.01, Cl abstraction 0.723±0.005), allyl bromide (Br abstraction 0.53±0.04, allylation 0.25±0.01). Collision rates were calculated and reaction efficiencies are also reported. This study represents the first quantitative measurement of the gas phase reactivity of a bridgehead radical and suggests that distonic radical anions are good models for the study of their elusive uncharged analogues. 
Introduction
Bridgehead radicals are fascinating molecules with their rigid structures making them exceptional probes of fundamental chemistry. Invariant intermolecular distances and bond angles allow these species to be utilised in the exploration of subjects such as orbital and bond interactions, as well as conformational and substituent effects upon reactivity.
1 Bond angles for a series of bridgehead radicals have been obtained by electron spin resonance (ESR) spectroscopy from measurement of 13 C hyperfine tensors and at 77 K the 1-adamantyl radical is estimated to have a bridgehead C-C-C angle of 113.6º. 2 This experimentally derived value is congruent with gas phase structure calculations that predict a bond angle of 113º for the 1-admantyl radical using density functional methods. 3, 4 Such deviation from the 118º for the near planar tert-butyl radical, [5] [6] [7] demonstrates the degree of pyramidalisation around the bridgehead radical. Further computational studies, predict that as the geometry of a carbon-centred radical deviates increasingly from its most stable planar conformation, the energy increases since spin delocalisation mechanisms such as resonance and hyperconjugation are compromised. 8 These calculations also predict an increase in the bridgehead C-H bond dissociation energy in strained hydrocarbons as a function of increases in the sum of the H-C-C bond angles. 8 Such calculations are supported by experimental measurements of spin density at radical centres that reveal an increase from 83 to 88% upon transition from 1-adamantyl to, the even further distorted, 1-bicyclo[1.1.1]pentyl radical. 2 In a previous computational study from our own laboratory 4 we have shown that the 1-adamantyl radical 2 is pyramidal about C 1 but has shorter Cα-Cβ bonds, longer Cβ-Cγ bonds, larger Cβ-Cα-Cβ angles and smaller Cα-Cβ-Cγ angles than adamantane 1 (Scheme 1). These observations are supported by previous calculations by Schaefer and coworkers 3 and are consistent with the radical centre is slightly flattened by H-Cβ-Cα hyperconjugation.
[Scheme 1]
In solution, bridgehead radicals undergo the expected suite of free radical reactions including; (i) addition to multiple bonds, (ii) abstraction of hydrogen or halogen atoms, (iii)
coupling with other radicals, and (iv) β-scission promoted rearrangements, although such isomerisations are facile only for species containing 3-or 4-membered rings. 2 Pyramidalisation of a carbon-centred radical at a bridgehead carbon might be expected to increase its rate of reaction relative to unconstrained tertiary radicals. Alternatively, the strained geometry about the bridgehead radical centre might retard reactions in some instances due to frontier orbital effects. 9 To this point, however, a paucity of empirical data has provided a significant impediment to the rigorous exploration of such ideas. In one of the few experimental comparisons available, rate constants for the addition of bicyclo[1. 10 These rate constants are, respectively, 200 and 50 times greater than those for the same reactions of tert-butyl, confirming that for these reactions the bridgehead radical is more reactive than its unconstrained analogue.
Bridgehead radicals provide a unique model in which to investigate the intrinsic reactive properties of carbon-centred radicals. Gas phase radical reactions however, have typically been difficult to study for several reasons: the occurrence of secondary chemistry, high reaction rates, instability of intermediates and difficulties with detection. Yet, important radical-mediated processes such as combustion of hydrocarbons and the production of photochemical smog often lack solid evidence in support of postulated reaction schemes and putative reaction intermediates. 11 In this paper, we describe how it is now possible to study a single step in the reactions of a bridgehead radicals using a combination of distonic radical anions and linear ion trap mass spectrometry.
Ion trap mass spectrometry allows gas phase ions to be isolated (purified) by mass selection, contained (stored) within electric fields for periods of time and fragmented (energised)
by collision with an inert bath gas to yield smaller ions which provide structural information.
Product ions may then be trapped and fragmented further, often several times. A significant recent development has been the conversion of ion trap mass spectrometers into 'gas phase synthetic reactors' by the introduction of reagents into the trap atmosphere such that ionmolecule reactions may be observed. 12, 13 For our purposes, the technique has the following strengths; the reactions of one type of ion at time may be studied, like-charge repulsion prevents ions from reacting with each other (no interference with radical termination events), and reaction rate data may be obtained.
As mass spectrometers detect only ionic species, it was necessary to introduce a charged functional group into the 1-adamantyl radical. However, the charge and radical centres must remain separate -both spatially and electronically -in order not to interfere with reactivity of the radical. The charge must be relatively inert, to avoid a predominance of ionic chemistry.
Accordingly, the distonic 14 radical anion 3-carboxylato-1-adamantyl 3 (Scheme 1) was a logical target of choice. The distonic approach to radical reactivity has been employed previously by the groups of Kenttämaa, [15] [16] [17] Kass 18 and O'Hair.
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The calculated structures of the 1-adamantyl radical 2 and 3-carboxylato-1-adamantyl radical anion 3 reveal that comparable bond lengths and angles are very similar, suggesting that distonic ion 3 makes an excellent model to study the reactivity of 2 (Scheme 1). 4 Radical anion 3
can be generated by oxidative decarboxylation of the 1,3-adamantane dicarboxylate dianion 4 (Scheme 2), 4 in a similar manner to the production of distonic 4-carboxylato-1-phenyl radical anions from benzene dicarboxylate dianions. 18 However, low yields from this process have been encountered in the presence of some gas-phase reagents due to the preponderance of ionic reactions of the dianion. A convenient solution to this problem lay in the derivatisation of one carboxylic acid group of 1,3-adamantanedicarboxylic acid to its N-acyloxypyridine-2-thioneor colloquially, Barton Ester -functional group. 22 Della and Tsanaktsidis have successfully adopted this function in the generation of radical intermediates for the synthesis of bridgehead halides. 23 In solution, treatment of an N-acyloxypyridine-2-thione with a radical initiator, or subjection to thermolysis or photolysis is known to generate a carbon centred radical by homolysis of the N-O bond, then subsequent rapid decarboxylation. 22 Our computational estimate of the bond dissociation energy of the weak N-O bond of methyl Barton Ester is 65 kJ mol -1 . Preparation of the adamantyl Barton Ester acid was accomplished in one step from 1,3-adamantane dicarboxylic acid by adaptation of a standard method. 24 Electrospray ionisation of a methanolic solution of the Barton Ester in the mass spectrometer resulted in the observation of carboxylate anion 5 at m/z 332 (Scheme 2). This ion was trapped then subject to collision induced dissociation (CID), which produced the desired radical ion 3 of m/z 178 efficiently, demonstrating that Barton Esters are also effective in the generation of gas phase radicals. The intermediate acyloxy radical 6 was not observed due to the extremely rapid rate of decarboxylation. 4 In the present study, reactions of 3 with nine reagents were observed and occurred overall in a manner similar to what would be predicted from a knowledge of solution phase chemistry. Second order rate constants were measured and reaction efficiencies were estimated based on theoretical collision rates.
[Scheme 2]
Results and Discussion
Validation of Kinetic Measurements
As a test of the accuracy of our experimental approach, we measured the rate constants of three ion-molecule reactions whose kinetics had previous been determined by flowing afterglowselected ion flow tube (FA-SIFT) mass spectrometry (Table 1) . 25, 26 These reactions were; (1) the displacement of iodide from iodomethane by 35 Cl -(Eq. 1), (2) the displacement of iodide from iodomethane by 79 Br -(Eq. 2), and (3) the bimolecular reaction of 1,1,1,3,3,3-hexafluoroisopropoxide ion with bromoethane (Eq. 3). Although this last reaction yields products resulting from both a substitution and elimination reaction (Eq. 3a and 3b, respectively), Br -(m/z 79/81) is the only charged product detected in this experiment and thus the rate constant determined is in fact the sum of the rate constants of two second-order processes. As a check of accuracy with reactions of radicals, the rate constant for the reaction of the distonic 3-carboxylato-1-phenyl radical anion (7) with dimethyl disulfide (Eq. 4) was determined and is compared to the value previously reported from Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry. 15 The results of kinetic measurements for the reactions shown in Eq. 1-4 are presented in Table 1 and represent an average of at least three separate determinations, each under differing neutral concentrations. The uncertainties represent one standard deviation of the precision.
[Equations 1-4]
[ Table 1 ]
The measured rate constants obtained for reactions 1-3 (Eq. 1-3) agree favourably with the respective FA-SIFT values, considering that the absolute accuracy of the latter method is estimated at ±20% 26 and an estimation of accuracy of ion-trap derived rate constants of ±25%.
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The measured rate constant for the reaction of a distonic radical anions (Eq. 15 The data suggest that the linear ion trap mass spectrometer used in this study is expected to provide highly reproducible gas phase rate measurements (high precision) and yield rate constants of reasonable absolute accuracy for the reactions of both closed-shell and radical ions with neutral reagents.
Verification of the structure of the radical
Before discussion of the reactions of the 3-carboxylato-1-adamantyl radical anion (3), it is important to establish that the putative structure shown in Scheme 1 is the correct connectivity of the ion observed at m/z 178 resulting from CID of the Barton Ester anion 5. We have previously addressed the possibility that the radical in question may instead be the ring-opened isomer 8 (Scheme 3). 4 Tertiary radical 8 is stabilised by resonance interactions with the adjacent carboxylate group and by relief of ring strain relative to 3, thus making it the most likely structural alternative to 3. Electronic structure calculations at the B3LYP/6-31+G(d)//HF/6-31+G(d) level of theory suggest that an activation energy of 81 kJ mol -1 must be overcome for conversion of 3 into 8. 4 It was previously argued that this barrier was sufficiently large to prevent isomerisation given; (i) the gentle method of radical formation, (ii) the fact that CID does not produce energetic secondary collisions in ion traps and (iii) the rapid cooling (5-10 ms) 27, 28 of ions by collisions with the helium buffer gas. Further experimental evidence for the bridgehead structure of 3 is presented below.
[Scheme 3]
The ion at m/z 178 reacts with adventitious dioxygen inside the ion trap, forming an ion of m/z 210 that has been assigned as the peroxyl radical 9. 4 When the latter ion is isolated and provided with additional energy in a CID experiment, the original progenitor ion at m/z 178 is reformed.
Furthermore, when this new ion of m/z 178 is subsequently trapped (in an MS 5 experiment), it reforms m/z 210 at the same rate as initial peroxyl radical formation. Such observations are consistent with previous reports of the loss of dioxygen from the benzyl peroxyl radical forming the benzyl radical 29 and suggest that in this instance the structure of the adamantyl radical is unchanged following addition and subsequent removal of O 2 . In addition, CID of the ion we have assigned to be 9 forms a small amount of m/z 193, corresponding to the 1,2-epoxyadamantane-3-carboxylate anion 9b which forms by loss of hydroxyl radical (Scheme 3).
If m/z 210 were the peroxyl radical of 8, under CID one should expect also to see formation of m/z 177 via loss of hydroperoxyl radical, but none is observed.
To ensure that the structure of the radicals of m/z 178 formed by oxidative decarboxylation of the 1,3-adamantanedicarboxylate dianion 4 and by homolysis of the Barton ester carboxylate anion 5 were identical, the kinetics of their reaction with background oxygen were measured under identical conditions. The ratio of rate constants was k Barton /k dianion = 0.98±0.05, indicating that radical structures were identical. In addition, the kinetic plots were highly linear (R 2 = 0.9983 and 0.9994 respectively) and reaction to immeasurably small ion counts of m/z 178 was evident at large reaction times, indicating that this ion population consists of the single isomer 3 not a mixture of 3 and 8.
The distonic radical ion of m/z 178 reacts with molecular iodine to yield an ion of m/z 305, attributed to 3-iodoadamantane-1-carboxylate anion 10 (Scheme 4). Commercial adamantanecarboxylic acid was converted to 3-hydroxyadamantanecarboxylic 11 acid by treatment with alkaline, aqueous potassium permanganate. 30 Subsequent treatment of 11 with aqueous HI yielded 3-iodoadamantanecarboxylic acid 12 quantitatively (Scheme 4).
[Scheme 4]
Figure 1 depicts comparative spectra resulting from CID of m/z 305 for the product resulting from reaction between radical 3 and iodine ( Fig. 1a ) and for authentic 3-iodoadamantane carboxylate 10 ( Fig. 1b) , generated by deprotonation of parent acid 12. Both spectra were obtained with nominally identical iodine vapour concentrations since the presence of massive neutrals in the trap imparts greater collision energy to an ion given the same applied excitation amplitude. It is clear that the spectra look similar since the only product detected is iodide ion at m/z 127. In fact, the iodide ion remained the only product over the range of collision energies. This evidence strongly supports the structure assigned to 3, confirming that the adamantane ring system has not opened upon formation of the radical nor during subsequent reactions. Analogous experiments were also undertaken using the reagent bromine instead of iodine. Authentic 3-bromoadamantanecarboxylic acid was obtained by HBr treatment of 11. Comparison of CID spectra at several collision energies indicated that the product ion resulting from reaction of radical 3 with bromine was entirely consistent with authentic 3-bromo-1-adamantane carboxylate (data not shown). Thus, data from several experiments are consistent with the structure of the ion at m/z 178 being that of a bridgehead radical 3 and not the ring opened isomer 8.
[ Figure 1 ]
Reactions of the bridgehead radical
Reactions of the distonic bridgehead radical ion 3 with nine reagents were observed and their rate constants determined at 307±1 K, the ambient temperature of the ion trap section of the mass spectrometer. It has been demonstrated that for low Q values (such as 0.25, used for these experiments) the effective temperature of ions held at zero collision energy inside an ion trap is approximately equivalent to the temperature of the buffer gas, and hence the temperature of the gas inlet to the trap itself. 31, 32 Gronert has determined the effective temperature of ions contained within a three dimensional ion trap (from the same manufacturer as the linear trap employed herein) to be 310±20 K, by measurement of the equilibrium constant of a complexation reaction displaying very large temperature dependence. 32 Collision rates z have been calculated at 307 K by average dipole orientation (ADO) theory 33 using an available Fortran routine 34 to enable reaction efficiencies to be estimated. Collision rates for ion-molecule reactions exceed those for comparable uncharged systems and are variable because they depend upon the mass of the reagent and attractive intermolecular forces between the neutral reagent and the ion. Reaction efficiencies Φ are calculated by dividing the empirical rate constants k 2 by theoretical collision rates z and are expressed as a percentage. Reaction rate constants and calculated reaction efficiencies are presented in Table 2 .
[ Table 2 ]
[Scheme 5]

Radical-radical combination reactions
Gross and co-workers have previously observed the gas phase addition of 32 Da to an ethyl pyridinium radical cation in the presence of oxygen. 35 This observation was attributed to the radical-radical combination of the β-distonic radical cation and dioxygen to form a peroxyl radical. In the present study, the bridgehead radical 3 was observed to undergo a radical-radical combination with both (a) dioxygen and (b) nitric oxide (Scheme 5 presented in our previous communication. 4 Bayes and co-workers have previously measured the rate constants for the reaction of butyl radicals generated by laser flash photolysis with O 2 in the gas phase at room temperature by photoionisation mass spectrometry. 36 Their results for n-butyl (0.75±0.14), sec-butyl resulting in a reaction efficiency of 6.0%. This value is less than half that for the reaction of 3,
suggesting that the bridgehead radical is more reactive with oxygen than its planar cousin.
Consistent with expectation from solution phase experiments, this comparison presents the first evidence for the enhanced reactivity of bridgehead radicals in the gas phase. 40 Our value compares favourably with these, with a rate constant ca. four times greater than that of tert-butyl, which could be accounted for by increased reactivity arising from bridgehead strain and from greater collision frequency arising from the ion-dipole interactions.
[Scheme 6]
Substitution reactions
Radical 3 Both bromination and allylation of 3 with allyl bromide, forming 15 and 20 respectively, were relatively slow compared to other substitution processes, with alkylation being favoured by a factor of 2.1. Given the steric bulk of 3, installation of the allyl group at the bridgehead carbon most likely occurs via an S H 2′ mechanism, 41 with 3 attacking at the methylene of the double bond (Scheme 7a). Based on these data however, a direct S H 2 reaction at the allylic position cannot be rigorously excluded (Scheme 7b).
[Scheme 7] [Scheme 8]
Addition to carbon-carbon double bonds
Radical 3 underwent addition to styrene yielding a product ion of m/z 282, almost certainly the stabilised benzylic radical 21 (Scheme 8). This reaction appeared considerably slowed due to the decreased collision frequency resulting from the low polarity of styrene, but the efficiency was in fact two thirds that for reaction of 3 with DMDS. A subsequent addition of styrene to 21 -an attempt at gas phase free radical polymerisation -was not observed, indicating that the resonance stabilised intermediate radical was considerably less reactive than the bridgehead radical initiator. However, addition of adventitious dioxygen to the benzylic radical to give peroxyl radical 22 was observed. Once formed, subsequent trapping of 21 gave amounts of m/z 314, the yields escalating with increasing reaction time. This process was considerably slower than the reaction of 3 with O 2 , an estimate for k 2 being 2±1 x 10 -13 cm 3 molecule -1 s -1 .
Conclusion
Electrospray ionisation ion trap mass spectrometry has enabled generation of the distonic 3-carboxylato-1-adamantyl radical anion 3 from a readily prepared precursor and allowed the study of the radical reactions of this mass-selected bridgehead radical with neutral reagents. Strong evidence has been obtained for the intact bridgehead radical structure. Reaction with common reagents occurs in a manner expected from classic solution phase free radical chemistry, with radical-radical combination, addition to double bonds and substitution reactions observed. Rate data has been obtained for the first time for 12 reactions of 3 in the gas phase and represents the first gas phase rate data for any bridgehead radical. Rate constants spanned several orders of magnitude, the fastest reaction being the addition of 18 
Experimental
Reagents (AR grade) and solvents were obtained commercially, taken from freshly opened bottles and used without further purification, unless stated otherwise. 18 O 2 gas (95%) was obtained from Cambridge Isotopes. DMF was dried over activated 3 Å molecular sieves.
Crystalline N-hydroxypyridine-2-thione was obtained economically by treatment with concentrated HCl of a commercial 40% aqueous solution of sodium 2-mercaptopyridine N-oxide, as described previously. 42 Chloroform was run through silica gel to obtain a sample which was ethanol free. Allyl bromide was treated in the same manner to afford a colourless sample.
N-(1-adamantanoyloxy-3-carboxylic acid)pyridine-2-thione
A general method 24 
3-Hydroxyadamantanecarboxylic acid 11
A published method 30 
3-Bromoadamantanecarboxylic acid
3-Hydroxyadamantane-1-carboxylic acid (500 mg, 3.55 mmol) and 48% aqueous HBr (5.0 mL, 44 mmol) were placed in a capped reaction vial and stirred for 3.5 hr at 90°C. After cooling to 0°C, the mixture was filtered and the precipitate washed with 5 mL cold water. The resulting product was dried under vacuum to yield white crystals (0.659 g, 99.8%), mp 144. 
3-Iodoadamantanecarboxylic acid 12
3-Hydroxyadamantane-1-carboxylic acid (501 mg, 2.55 mmol) and 55% aqueous HI (5.0 mL, 66 mmol) were placed in a capped reaction vial and stirred for 16 hr at 60°C. After cooling to 0°C, the mixture was filtered and the precipitate washed with 3 x 5 mL cold water to remove all colour from the product. After drying under vacuum, the yield of white crystals was 0.780 g 
Nitric oxide
Nitric oxide was generated and purified on a 50 mL scale by an ingeniously simple established method. 45 The reaction in a 60 mL capped disposable syringe between sodium nitrite (0.250 g, 3.62 mmol) and ferrous sulfate (3.0 mL of an aqueous solution 1.2 M in FeSO 4 and 1.6 M in H 2 SO 4 ) produced about 60 mL of crude nitric oxide. After expulsion of the liquid, the gas was washed by drawing 5 mL of aqueous 1 M NaOH solution into the syringe and shaking. The base wash was expelled and the now colourless gas was washed further with 2 x 5 mL water, and then dried by passage into a second 60 mL syringe, through PVC tubing containing a plug of anhydrous MgSO 4 .
Mass spectrometry
Mass spectra were obtained using a Finnigan (now ThermoFisher) LTQ quadrupole linear ion trap spectrometer (San Jose, CA). 28 Solutions of analytes at concentrations below 1 mM in HPLC grade methanol were subject to electrospray ionization (ESI) in negative mode. Capillary potentials were typically 3-4 kV. Once formed, anions were held in the ion trap at a manufacturer-stated pressure of ultrahigh purity helium (BOC, Australia) and reagent of 2.50±0.20 mTorr. Pressure inside the trap was measured at 2.58±0.13 mTorr using a known rate constant 25 for the reaction of bromide with methyl iodide (Eq. 2). [ Figure 2 ]
Kinetic measurements
At full capacity, the trap contains approximately 2 x 10 4 ions. 27 ) and the pressure of the neutral reagent in the ion trap, Pressure of the neutral reagent (P n ) for each reaction was calculated from the pressure inside the ion trap (P T ) and the respective molar flows and molecular weights of the helium damping gas and reagent, using Equation 7. The final term accounts for difference in effusion, since lighter molecules are removed more quickly from the trap into the surrounding vacuum chamber.
[Equation 5] [Equation 6] [Equation 7]
It is known that for low Q values, the effective temperature of ions at equilibrium inside the trap is equivalent to ambient temperature. 31, 32 The temperature of the case surrounding the ion trap was measured at 307±1 K, which is taken as being the effective temperature for these experiments. In some instances, reaction of the radical with a neutral formed two or more products. If a secondary species was formed as a result of decomposition of a primary product, its concentration was attributed to that of the primary to ensure accurate kinetics. 
Equations 1-4 
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